ABSTRACT The purpose of this study was to evaluate the biochemical and morphornetric changes in the small intestine of nursing piglets caused by 60% di etary restriction, and to ascertain whether this model reproduces the intestinal alterations caused by malnu trition in human infants. Piglets subjected to dietary restriction had significantly lower levels of mucosa! DNA and protein, and significantly reduced segmental disaccharidase and leucine aminopeptidase activities compared with age-matched, freely fed controls. How ever, greater disaccharidase-specific activities were ob served in duodenum and jejunum of diet restricted pig lets compared with controls. Other findings included significantly lower thickness of the mucosa, villous height and width, and villous surface area, a signifi cantly lower number of goblet cells, and significantly greater mucosa! crypt depth, intraepithelial leucocyte number, and infiltrated cells per area of lamina propria. The model reproduces most of the biochemical and morphornetric changes observed in the small intestine of young human infants with chronic diarrhea and mal nutrition, and may be useful in further investigations of the biochemical and molecular mechanisms of intesti nal alterations caused by primary malnutrition in early infancy. J. Nutr. 126: 933-944, 1996.
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Severe growth retardation often accompanies mal nutrition in young animals. Dietary restriction during the neonatal period affects the morphology and func tion of the small intestine and other organs (Firmansyah et al. 1989 , Greene et al. 1975 , Jambunathan et al. 1981 , Winick and Noble 1966 . In early infancy, the small intestine undergoes a period of rapid growth and development associated with multiple alterations of intestinal structure and function. Because nutrient re serves are marginal in immediate postnatal life, the infant is particularly susceptible to intestinal injury due to malnutrition Gall 1990, Castillo et al. 1990 ). Low mucosal DNA, protein, and intestinal disaccharidase and peptidase activities have been ex tensively documented in infants with malnutrition due to different causes (Hatch 1981 , Heitlinger et al. 1991 .
Protein-energy malnutrition reduces intestinal mass and impairs epithelial proliferation and enterocyte mi gration Gall 1990, Guiraldes et al. 1981) . We have previously reported that chronic diarrhea in duced in weanling rats by feeding a lactose-enriched diet results in low mucosal DNA and protein, and low segmental disaccharidase activities in the jejunum and ileum (Nunez et al. 1990) . Diarrhea also led to in creased leucocyte infiltration, reduced numbers of gob let cells, and shortened microvilli; moreover, entero cyte ultrastructure was severely affected, as shown by the appearance of multivesicular bodies and enlarged, swollen mitochondria with few cristae (Bueno et al. 1994) . Similar biochemical and morphological changes in the small intestine have been described in other ani1The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 USC section 1734 solely to indicate this fact.
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mal species affected by chronic diarrhea and malnutri tion (Butzner and Gall 1988 , Miller and Ullrey 1987 , Shiner et al. 1990a and 1990b . Many studies of intestinal alterations due to malnu trition have been done in rats and rabbits, species whose physiology clearly differs from that of humans. The pig has been described as an adequate model of human intestinal physiology (Miller and Ullrey 1987) . The aim of this study was to investigate the influence of severe dietary restriction on a number of biochemi cal variables (disaccharidase and leucine aminopeptidase activities) that reflect the functioning of the small intestine in newborn pigs during the first months of life. We also studied the structural and ultrastructural changes in the intestinal mucosa with light, and scan ning and transmission electron microscopy.
MATERIALS AND METHODS
Animals and diets. Pig neonates of the York strain aged 5 d were purchased from Molina S.A. (JaÃ©n, Spain) and were handled throughout the study in accordance with the current European Community guidelines for the care and use of laboratory animals. Nineteen ani mals were randomly selected from six different litters housed in cages and transported to the animal labora tory in the evening (1700-1800 h). Animals were housed in separate cages, in a temperature-controlled room kept at 26 Â±2Â°C, with a 12-h light:dark cycle. Heating mats were placed in the cages to maintain local temperature at 30-34Â°C. The piglets were weighed daily to the nearest 10 g on a mechanical balance.
Six piglets were deprived of food overnight although they received water every 3 h through a nipple. These animals were anesthesized with urethane and killed by terminal bleeding on the following morning; they served as the base-line group (B).3The rest of the ani mals received a single intramuscular injection of irondextran (200 mg Fe) on the first day of the study to avoid iron deficiency, frequently observed in piglets fed milk formulas, even those supplemented with iron. All pigs were fed exclusively an adapted pig milk formula manufactured by the Department of Research and De velopment of PULEVA (currently Abbott Laboratories, S.A., Granada, Spain). The composition of the milk for mula is shown in Table 1 . Piglets received the diet for a period of 30 d (35 d of postnatal age). The diet was designed to be free of non-starch polysaccharides be cause weaning usually starts when piglets are 1 mo old.
A group of six pigs received three daily rations of recombined milk formula (200 g powder milk formula per L water) through a nipple at 800, 1400 and 2000 h, and the volume of milk freely consumed was recorded 1Abbreviations used: B, base-line group; C, control group; M, mal nourished group. (control group, C). Another group of seven animals was fed the same diet, but received only 40% of the mean intake of milk formula recorded in the control group. In addition, they received a glucose-saline solution to satisfy water requirements fully (malnourished group, M). The composition of the glucose-saline solution was: 5 g/L glucose, 3.5 g/L sodium chloride, 1.1 g/L potassium chloride and 2.5 g/L sodium bicarbonate. We selected 60% dietary restriction based on previous experiments which showed that at this level of restric tion, piglets failed to grow and mortality was null (data not shown). The daily average of energy supplied by the glucose-saline solution was 15 kj, equivalent to 2.5 kJ-kg-'-d-1.
Preparation of tissues. All piglets were deprived of food overnight and then anesthesized with urethane and killed by terminal bleeding. The entire small intes tine was quickly removed; the segment from the pylo rus to the ligament of Treitz was considered as the duodenum, and the rest of the small intestine was di vided into two equals segments; the proximal segment was considered the jejunum, and the distal segment as ileum. Because of the large length of the intestine, we selected about 5 cm of the proximal part of each seg ment for histological analysis, and the adjacent 20-cm segment was used for biochemical analysis.
Biochemical analyses. The intestinal segments were rinsed thoroughly with ice-cold saline solution, opened < o.oi,*P < o.ooi.
lengthwise and blotted dry. The mucosa was scraped using a glass slide, weighed separately on parafilm pa per and immediately frozen in liquid nitrogen. Samples of mucosa were then stored at -80Â°C until analysis.
Mucosa from each segment was homogenized in a glass Potter-Elvehjem grinder with ice-cold water, us ing a ratio of 1:3 (wt/vol) as follows: for DNA analysis, in phosphate-buffered saline EDTA (pH 7.4); for the other determinations, in distilled water. Total proteins were measured by the method of Bradford (1976) using bovine albumin as standard; laclase (EC 3.2.1.23), sucrase (EC 3.2.1.48) and maltase (EC 3.2.1.20) activities were assayed by the method of Dahlquist (1968) , and leucine aminopeptidase activity (EC 3.4.11.1) was mea sured by the method of Maroux et al. (1973) using Lleucine p-nitroanilide as substrate. DNA was deter mined fluorometrically according to the method of Labarca and Paigen (1980) using calf-thymus DNA as standard.
HistolÃ³gico/ analyses. The tissues for light and electron microscopic analysis were immediately per fused with isotonic buffered saline solution (NaCl, 120 mmol/L, KC1, 5 mmol/L and NaHCO3, 23 mmol/L) for 2 min to remove debris. Each segment was divided into three approximately equal parts (upper, middle and lower), and three small sections from each part were 1Results are expressed as means Â±SEM. Significantly different from group B: 'P < 0.05, #P < 0.01, * P < 0.001. Significantly different from group C: t P < 0.01, * P < 0.001.
FIGURE 1 Effect of 60% dietary restriction on maltase, lactase, sucrase and isomaltase activities in the duodenum, jejunum and ileum of piglets. Results are expressed as means Â±SEM.C: control group, n = 6, fed adapted pig milk formula from 5 to 35 d postnatal age; M: malnourished group, n = 7, subjected to 60% dietary restriction from 5 to 35 d postnatal age. Significantly different than group C: fP < 0.01; *P < 0.001. obtained, making a total of nine samples from each segment and animal. One portion of the mucosa sam ple was processed for light microscopic study, another for scanning electron microscopy, and the last section was used for transmission electron microscopy and for structural examination of semithin sections under light microscope.
Samples for light microscopy were immediately fixed in Bouin's solution. Fixed tissues were then care fully oriented and embedded in paraffin. For each speci men, at least 10 sections of 7 /Â¿mthickness were pre pared; the mucosa was cut perpendicularly to the muscularis mucosa and stained with hematoxylin-eosin and periodic acid-Schiff for histologie evaluation. For the scanning electron microscopic study, fresh intesti nal segments were excised longitudinally into small pieces, which were fixed in 25 g/L glutaraldehyde and 25 g/L paraformaldehyde in 0.1 mol/L sodium cacodylate buffer, 0.35 osmol/L, pH 7.4. Samples were then dried to Anderson's critical point (Anderson 1969) and subsequently attached to planchets with the mucosa facing upwards, coated with gold and examined under a Zeiss 950 scanning electron microscope (Zeiss, Oberkochen, Germany).
Samples to be examined by transmission electron microscopy and semithin sections were fixed as for scanning electron microscopy, and subsequently fixed in a solution of 20 g/L osmium tetroxide in 0.1 mol/L sodium cacodylate buffer. After acetone dehydration, samples were embedded in Spurr resin (Spurr 1969) . Semithin sections (2 pm] were stained in toluidine blue for light microscopic observation and 50-to 70-nm ul tra-thin sections with subsequent contrast in uranyl acetate and lead citrate according to Reynolds (1963) were examined for ultrastructural analysis under a Zeiss IOC transmission electron microscope.
Morphometric studies. Quantitative morphometry for the different variables was performed using an auto matic interactive analysis system IBAS-II, (Kontron, Munich, Germany). Morphometric measurements were made without knowledge of the sample's diet grouping.
Microscopical views of the different mucosa areas for each section (duodenum, jejunum, and ileum) and for each piglet were recorded on a video tape and transferred to the image analyzer memory. The morphometric vari ables analyzed in small intestine mucosa included: mu cosa thickness, villous height, crypt depth, villous height to crypt depth ratio, villous width, number of villi per length of muscularis mucosa, villous surface, number of goblet cells per length of villous epithelium, number of intraepithelial leucocytes per 100 enterocytes, and number of infiltrated cells per area of lamina propria. Measurements of mucosal thickness from the tip of the villi to the muscularis mucosa, villous height from the tip of the villi to the villous crypt junction, and crypt depth from the villous crypt junction to the lower limit of the crypt were recorded as the mean of 10 fields for each specimen. Only vertically oriented villi and crypts were measured, and the results were expressed in micrometers. Villous width was estimated as the diameter of the villi at the crypt depth junction and expressed in micrometers and number of villi was calculated per millimeter of muscularis mucosa. Villous surface was quantitated from the perimeter and height of the villi and expressed in square micrometers.
Intraepithelial leukocytes were counted per 100 enterocytes; goblet cells were counted under a light mi croscope on 200-yLtmtransections of the intestinal axis of villi and expressed as the number of cells per 200 Â¿im. Infiltrated cells were counted on a 75 //m X 75 Â¿tm grid placed over fields of the villous lamina propria.
Statistical analysis. All results are expressed as means Â±SEM.We tested for homogeneity of variances â€¢ with Levene's test; in some cases (i.e., mucosal protein content and disaccharidase activities), variances were heterogeneous and data were transformed to natural logarithms. We tested the differences between mean values in groups C and M with Student's i test for unpaired samples. One-way ANOVA with a posteriori mean comparisons using the Bonferroni test was done to compare group B with groups C and M. Statistical analyses were performed using the PC-90 version of 
LEUCINE AMINOPEPTIDASE

DUODENUM JEJUNUM ILEUM
FIGURE 2 Effect of 60% dietary restriction on leucine aminopeptidase activity in the duodenum, jejunum and il eum of piglets. Results are expressed as means Â±SEM. C: control group, n = 6, fed adapted pig milk formula from 5 to 35 d postnatal age; M: malnourished group, n = 7, subjected to 60% dietary restriction from 5 to 35 d postnatal age. Sig nificantly different than group C: *P < 0.05; *P < 0.01; *P < 0.001. the BMDP Statistical Software (Los Angeles, CA). The probability level at wich the differences were consid ered significant was set at P < 0.05 (Dixon et al. 1990 ).
RESULTS
After 30 d of dietary restriction, malnourished nurs ing piglets failed to grow and maintained intestinal weight for length and mucosal weight for length closer to those of the base-line group (5 d postnatal age). Body weight and intestinal and mucosal weights for length were significantly lower in the malnourished group than in the control group (Table 2) .
Intestinal mucosal weight for length (Table 2) , DNA, and protein (Table 3) increased significantly with ad vanced postnatal age in the three segments studied. However, the DNA/protein ratio was maintained in duodenum and jejunum and increased significantly in ileum. In all intestinal segments, the protein and muco sal DNA contents, as well as the mucosal protein to DNA ratios were significantly lower in 35-d-old mal nourished piglets than in controls (Table 3) .
Dietary restriction resulted into lower disaccharidase ( Fig. 1 ) and leucine aminopeptidase (Fig. 2) segmental activities (units/cm) except for duodenal laclase and isomaltase activities, which were not significantly dif ferent than in the control group (Fig. 1) . However, when enzyme-specific activities (units/mg protein) were com pared, duodenum maltase, isomaltase, lactase, and leu- ' Results are expressed as means Â±SEM.Significantly different from group B: ' P < 0.05, *P < 0.01, * P < 0.001. Significantly different from group C: t p < 0.01, * P < 0.001. cine aminopeptidase, and jejunum sucrase, isomaltase, and laclase were significantly higher in the malnour ished piglets than in the control group (Table 4) .
Lactase and leucine aminopeptidase-specific activi ties decreased in all intestinal segments, except for ileum leucine aminopeptidase, with advancing postnatal age (5-35 d). A similar pattern was found for jejunum sucrase and duodenum and jejunum isomaltase; how ever, duodenum maltase specific activity was signifi cantly greater, and jejunum maltase tended to be greater (P < 0.1) in 35-d-old control piglets compared with base-line (5-d-old) values. Tables 5 and 6 summarize the morphometric find ings in the small intestine of base-line, control, and malnourished piglets. Mucosa thickness, number of intraepithelial leucocytes and number of infiltrated cells per area unit of lamina propia increased significantly with advanced postnatal age in the three segments studied (Tables 5 and 6 ). Duodenum and jejunum mu cosa villous height, crypt depth, villous width, and villous surface area also were significantly greater in 35-d-old control piglets compared with base-line (5-d-old) values (Table 5) .
Malnourished piglets had significantly lower mu cosa thickness, villous height, villous height to crypt depth ratio, villous width, villous surface area (Table  5 ) and number of goblet cells (Table 6 ) than control animals. On the contrary, crypt depth, number of villi per length unit (Table 5) , number of intraepithelial leu cocytes, and number of infiltrated cells per area of lam ina propria (Table 6 ) were higher in malnourished than in control piglets. Figure 3 shows light microscopic views of the intes tinal mucosa in malnourished (Fig. 3A, C ) and control piglets (Fig. 3B, D) . In the former, the crypts were appar ently elongated and villi were shorter than in control animals (Fig. 3A) . We also observed a higher number of intraepithelial lymphocytes. Malnutrition in early life induced by dietary restriction led to severe alter ations in the morphology of villi as assessed by scan ning electron microscopy (Fig. 4) . Villi in malnourished piglets had broken tip areas with large holes (Fig. 4A ) and patchy surfaces free of microvilli (Fig. 4C ) as com pared with control animals (Figs. 4B, D) .
Ultra-thin sections examined with a transmission electron microscope showed that in malnourished nursing piglets, the microvilli were shortened, the mitochondria were swollen and the matrix of the mi tochondria was less dense (Fig. 5A ) than in controls (Fig. 5B ) and contained fewer cristae; cytoplasmic ve- Â±1302** 1Results are expressed as means Â± SEM. Ten fields for each segment and animal were measured; average value of those fields was used as individual figure per segment and animal. Significantly different from group B: ' P < 0.05, # P < 0.01, * P < 0.001. Significantly different from group C: * P < 0.05; * P < 0.001. siculation was also evident in the malnourished group (Fig. 5A ).
DISCUSSION
The most important findings of this study were that malnutrition induced by restriction of the diet to 40% of the daily control intake in nursing piglets severely altered the intestine, at both the biochemical and mor phological levels. Severe dietary restriction in weanling rats causes the loss of mucosal protein and reduced villous height (Koruda et al. 1988) . Firmansyah et al. (1989) reported that both prenatal and postnatal malnu trition in weanling rats affect body and organ weights, particularly that of the small intestine. In their study, malnutrition decreased the protein/DNA ratio, re duced mucosal thickness and crypt depth, and dimin ished specific activities of disaccharidases. In our study, the mucosal protein/DNA ratio was also lower in malnourished piglets than in age-matched controls, reflecting mucosal hypotrophia and suggesting that the overall process of protein synthesis in the small intes tine is impaired. The synthesis of proteins is a high energy-demanding process, and the supply of energy and amino acids is severely reduced during dietary re striction. Thus, protein could not be synthesized in malnourished piglets, leading to a slower organ growth.
The specific activities of disaccharidases and other small intestine enzymes change during the postnatal stage in mammals; lactase and leucine aminopeptidase decrease and mal tase increases (Firmansyah et al. 1989) , the sucrase-isomaltase complex maintaining or decreasing its activity. This pattern has been observed in our study. The segmental activities of disacharidases and leucine aminopeptidase, which indicate the total enzymic activity of the small intestine, were lower in the malnourished piglets than in the age-matched con trol group (Fig. 1, 2) . The high specific activity of the disaccharidases and leucine aminopeptidase in mal nourished animals seems to imply that those proteins 1 Results are expressed as means Â±SEM.The average value of 10 fields for each segment and animal was used. The area limited by the microscope eyepiece grid was equivalent to a 75 fj.m x 75 pm square. Significantly different from group B: ' P < 0.05, * P < 0.001. Significantly different from group C: * P < 0.001. involved in nutrient digestion are preferentially main tained in comparison with other proteins of the intes tine. These results agree with those recently obtained by Hodin et al. (1994) , who have shown that lactase mRNA in the rat small intestine increases during se vere food deprivation (4 d) and returns to base line with refeeding, and are consistent with the lower mucosal protein to DNA ratio found in this study.
We believe that intestinal enzyme activities should be expressed as segmental activities, because specific activities do not reflect the actual capacity of the organ to perform a particular biochemical reaction. We pre viously reported that malnutrition associated with chronic diarrhea caused by lactose intake in rats led to low segmental activities of disaccharidases in the jejunum and ileum, with high specific activities (Nu nez et al. 1990 ). However, contradictory results have been reported in humans and experimental animals with different malnutritional and malabsorptive syn dromes in relation to specific disaccharidase activities (Jambunathan et al. 1981, Zarling and Mobarhan 1987) . This can be due to physiological differences among spe cies,-in fact, rats are fecal refectors whereas human and pigs are not. Zarling and Mobarhan (1987) found that in weanling rats with a reduced dietary intake of all macronutrients, the segmental activities of maltase were only slightly higher, whereas sucrase and lactase activities were nor mal or lower, although mucosal cell height was signifi cantly reduced compared with age-matched control rats. Thus diet-restricted rats appear to have sufficient intestinal enzymes to support hydrolysis of diet disaccharides. However, other authors have reported that pups raised with their mothers and fed a protein-defi cient diet had significantly diminished lactase and su crase activities in the total small intestine, although specific activities were increased in both proximal and distal segments (Guiraldes and Hamilton 1981) .
Some studies have documented low specific activi ties of lactase and sucrase in biopsy materials from infants suffering protein-energy malnutrition and in testinal diseases (Greene et al. 1975 , Hatch 1981 , Phil lips et al. 1988 , SÃ ¶kÃ¼cÃ¼ 1987 . However, Heitlinger et al. (1991) have shown more recently that the degree of mucosal injury is inversely correlated with maltaseand lactase-specific activities. Our model of malnour ished nursing piglets reproduces this effect, which ap pears in infants <24 mo of age. Leucine aminopeptidase segmental activity was also lower in malnour ished animals in comparison with the age-matched group, which suggests that not only carbohydrate diges tion but also protein digestion is impaired by malnutri tion. If protein digestion is adversely affected by dietary restriction, due not only to a low secretion of gastroin testinal hormones and enzymes but also to a lower activity of brush border enterocyte peptidases, then that would explain at least in part the low protein to DNA ratio found in malnourished piglets, because the amino acid supply to the enterocytes would be im paired. The mucosa of infants with malnutrition displays varying degrees of structural abnormality (Brunser et al. 1976) . Atrophy of the villi in the upper small intes tine, with ridge-shaped villi, reduced enterocyte sur face, and high cellularity in the lamina propria, have been documented in infants with kwashiorkor or ma rasmus (Brunser et al. 1968 , Hatch 1981 . In this study, electron micrographs also showed a variable mucosal structure; we found patchy areas in both the proximal and distal small intestine with severe atrophy of the microvilli, and open areas in the tip of villi which may contribute to the bacterial translocation and infection associated with malnutrition.
Dietary restriction in nursing piglets also produced structural alterations in the microvilli; they had a reduced height, and showed bacteria adhering to their surfaces. Enterocytes showed vesiculation due to an increase in the smooth endoplasmic reticulum, and mitochondria were swollen and contained few cristae. Shiner et al. (1990a and 1990b) recently have shown that chronic diarrhea in infancy results in similar histological alterations. In addition, these authors found that intraepithelial lymphocytes and lamina propria infiltrated cells accumulated in chronic diarrhea. These changes were also observed in our lactating malnourished pigs.
Villous atrophy has been associated with progressive hypoplasia of the crypts (Hatch 1981) due to the pro tein-deficient diet. These findings are in agreement with our observations of low DNA and protein con tents as well as by the morphometric analysis of the mucosa. Early malnutrition appears to have important effects on the small intestine, especially during the rapid growth and development that occur during the neona tal period. Because the intestinal physiology of new born pigs is similar to that of human neonates, the malnutrition model we developed seems to be suitable for studies of the metabolic and histological effects of primary protein-energy malnutrition and for future at tempts to ascertain the effects of specific nutrients on mucosal recovery in the gut. This model involves a form of marasmus for which the intestinal protein/ DNA ratio is not preserved, suggesting that the re sponse of the small intestine to dietary restriction is different from other tissues due to its high turnover.
